Tissues stiffen during aging and during the pathological progression of cancer, fibrosis, and cardiovascular disease. Extracellular matrix stiffness is emerging as a prominent mechanical cue that precedes disease and drives its progression by altering cellular behaviors. Targeting extracellular matrix mechanics, by preventing or reversing tissue stiffening or interrupting the cellular response, is a therapeutic approach with clinical potential. Major drivers of changes to the mechanical properties of the extracellular matrix include phenotypically converted myofibroblasts, transforming growth factor  (TGF), and matrix cross-linking. Potential pharmacological interventions to overcome extracellular matrix stiffening are emerging clinically. Aside from targeting stiffening directly, alternative approaches to mitigate the effects of increased matrix stiffness aim to identify and inhibit the downstream cellular response to matrix stiffness. Therapeutic interventions that target tissue stiffening are discussed in the context of their limitations, preclinical drug development efforts, and clinical trials.
INTRODUCTION
Increased tissue stiffness is associated with a diverse array of pathologies, including the two leading causes of death in the United States: cancer and cardiovascular disease (1, 2) . Decreased extracellular matrix (ECM) compliance also occurs with fibrosis, advanced age, and diabetes due to enhanced matrix deposition, cross-linking of existing matrix, and fiber alignment. (3) (4) (5) . The expansion of the mechanobiology field over the past decade has integrated the engineering and biological landscapes to advance our understanding of the contributions of increased ECM stiffness on disease. Although it is well established that changes in tissue mechanics are hallmarks of specific pathological states, more recently, it has become apparent that tissue stiffening can precede disease development and that mechanical cues can drive its progression (6, 7) . Hence, mechanomedicine is an emerging field focused on therapeutically targeting tissue mechanics, either by directly altering the mechanical cues presented to cells or by disrupting the cellular response to mechanics.
The ECM is a cell-secreted network that surrounds cells and is primarily composed of proteoglycans and fibrous proteins, the most abundant being collagen. In addition to providing structural support, the ECM imparts biochemical and mechanical cues that regulate cell behaviors (8) . Tensional, compressive, and shear forces are translated into biochemical signaling cascades through a process known as mechanotransduction, and evidence suggests that cells play an active role in remodeling their matrix to maintain an ECM stress set point through a process known as tensional homeostasis (9) . The ECM exhibits viscous and elastic properties, both of which govern cell fate (9) . Aberrant increased ECM stiffness, which can be described in terms of the Young's elastic modulus, is associated with pathological states and is emerging as a critical factor that influences cell behavior (9) (10) (11) . The elastic modulus represents the ability of a material to resist deformation, and is calculated as the stress applied to the material divided by the resulting strain (9, 10) . ECM stiffness sensing is achieved through protein deformation caused by cell-generated force loading on transmembrane integrins adhered to the matrix (9) . Because individual cell types exhibit unique mechanosensitivities that can promote pathological progression, mechano-based therapies represent an emerging clinical strategy (12) .
Here, we discuss mechanisms that cause ECM stiffening during natural aging and pathological progression. Therapeutic approaches to prevent or reverse matrix stiffening, including their clinical relevance, are described. Because elevated ECM stiffness is deleterious in multiple pathologies and difficult to attenuate, we examine several potential cellular targets to disrupt the cellular response to increased matrix mechanics. We describe drug development efforts and challenges of individual cellular targets, as well as the translational potential of available drugs, preclinical studies, and clinical trials. Aberrant ECM mechanical properties play a critical role in numerous pathologies, and thus, mechanomedicine is a therapeutic approach to treat disease with important clinical implications. and the expression of fibroblast activation protein (13) . Myofibroblasts are distinct from fibroblasts that lack a contractile cytoskeleton and, despite shared expression of -SMA, do not express the same machinery used by smooth muscle cells for reversible Ca 2+ -mediated contractions (16) . Because of the expression of -SMA, myofibroblasts exert high contractile forces that, combined with excess ECM deposition, stiffen the local microenvironment. Castella et al. (16) proposed a lock-step model of matrix remodeling to explain how the unique contractile behavior of myofibroblasts irreversibly remodels the matrix through forces transmitted across extremely large, "super-mature" focal adhesions. Sustained Rho/Rho-associated kinase (ROCK) intercellular stress releases tension on ECM fibers; these ECM fibers are then pulled with weaker Ca 2+ -dependent oscillatory contractions and stabilized in a retracted position by enzymatic cross-linking that stiffens the matrix through an irreversible event. The stiffened ECM further stimulates myofibroblast activity through positive feedback loops, including the mechanically driven release of matrix-bound latent transforming growth factor  (TGF) (17) .
Targeting myofibroblasts or their differentiation may hold clinical potential to mitigate fibrosis. Historically, a lack of myofibroblastexclusive molecular biomarkers has limited cell-level targeting approaches. The heterogeneity of the myofibroblast precursor cell population suggests cell type-specific sensitivities to chemical and mechanical stimuli. Unique targeting approaches may be required for cancer and fibrosis applications, which further complicates these efforts. Using computational methods, Jia et al. (18) recently identified elevated COL11A1 gene expression as a distinguishing signature of CAFs found across 13 types of epithelial cancer. Although this finding is a considerable advance in the identification of targetable myofibroblast biomarkers, up-regulation was not conserved in noncancerous fibrotic tissues or even among all types of cancer, thus revealing that myofibroblastspecific therapies may require high degrees of tailoring (18) . Because of the diversity of organs affected by myofibroblast activity, another challenge will be localizing drugs to the intended site at therapeutic concentrations, especially when systemic administration routes are used. For example, the unique physiology of the lungs, kidneys, liver, and solid tumors will necessitate specific drug delivery strategies (19) .
Preclinical studies have demonstrated proofof-concept success targeting differentiated myofibroblasts to mitigate their fibrotic activity. The monoclonal antibody C1-3 specifically bound to a transmembrane protein expressed by hepatic myofibroblasts and selectively induced apoptosis in vivo when conjugated to the fungal toxin gliotoxin (20) . Inhibition of myofibroblast contraction was achieved with the delivery of an -SMA N-terminal peptide (21) . The extra domain A-fibronectin (EDA-FN) splice variant, the growth factor TGF, and an intact ECM to generate cellular tension are essential to induce myofibroblast differentiation and therefore represent therapeutic targets to mitigate early , and advanced glycation end products (AGEs) in concert with increased matrix deposition are major contributors of pathological matrix stiffening. Inside-out and outside-in extracellular matrix (ECM) rigidity sensing is transmitted across cell adhesions composed of integrins and focal adhesion complexes. (B) Actomyosin cell contractility forces are increased in response to elevated matrix stiffness, and traction forces are exerted against the ECM. Cellular force is also propagated across the cell cytoplasm to the nucleus. (C) Stiffness-mediated traction forces transmitted across integrins cause a conformational change in the transforming growth factor  (TGF) latency complex to release TGF ligand and activate positive feedback cycles of ECM synthesis and stiffening. Solid blue arrows represent directionality of force transmission.
fibrotic states (22) . Mechanistic studies have also identified signaling by reactive oxygen species, microRNAs (miRs), chemokines, and cytokines as additional mediators of the myofibroblast phenotypic conversion that could be targeted therapeutically (23) (24) (25) (26) Despite their widely recognized contribution as mediators of fibrotic pathologies and their associated role in cancer progression, paradoxical results from mouse models of cancer indicate an additional layer of complexity associated with myofibroblast targeting (13, 14, 27) . In these models, depleting myofibroblasts from the stroma resulted in increased tumor aggressiveness and decreased survival (27) . Myofibroblastdepleted tumors had decreased collagen content, were less stiff, and had altered immune cell infiltration, indicating that, collectively, the myofibroblast-depleted tumor milieu was drastically different than the untreated tumor stroma (27) . Reconciling these data with the robust body of work indicating pathological roles for myofibroblasts and a stiffened ECM is necessary to appropriately direct therapeutic targeting and identify the factors most critical to tumor aggressiveness (6, 13) .
Growth factors
Aberrant overexpression of TGF is common among myofibroblastdriven pathologies. TGF promotes myofibroblast differentiation, cell proliferation, and matrix production. Extracellular TGF ligands bind to its serine/threonine kinase receptor (TGFR1) and activate the canonical SMAD pathways that induce collagen and fibronectin gene expression (28) . Simultaneously, TGF signaling inhibits matrix metalloproteinase (MMP) matrix degradation by inducing the expression of tissue inhibitors of MMPs to drive microenvironment stiffening (29) . Notably, cells exert increased contractile pulling forces against their matrix in response to elevated matrix stiffness, which activates a feed-forward cycle of matrix production by releasing sequestered TGF from the matrix through mechanical force (17, 30) .
A mediator of TGF expression and signaling is connective tissue growth factor (CTGF), which is cyclically expressed through TGF pathways and subsequently acts to induce additional TGF production (31) . CTGF directly binds to TGF to enhance receptor associations and is essential to TGF-mediated fibrotic effects (32) . Thus, CTGF drives ECM remodeling and fibrotic pathologies through indirect regulation of the myofibroblast phenotype, ECM synthesis, and MMP expression. In vivo murine studies demonstrated prevention and regression of lung fibrosis after treatment with FG-3019, a human monoclonal antibody against CTGF (31) . Open-label phase 1 and 2 clinical trials have demonstrated favorable patient tolerability of FG-3019, but clinical efficacy assessed on the basis of healthy tissue compliance will await the results of an ongoing placebo-controlled trial for idiopathic lung fibrosis (NCT01890265) (33, 34) .
Because of their dominant role in stimulating proliferation and ECM production, growth factor therapies, especially those targeted against TGF, are a promising avenue to inhibit pathological cycles of ECM synthesis. Targeting TGF is an active area of research for fibrosis and cancer applications, and therapeutics in development range from in vitro preclinical studies to phase 3 clinical trials (35) . Disrupting the pathological role of TGF has been approached from multiple angles, including inhibiting receptor-ligand interactions, tyrosine kinase activity, and protein synthesis using peptides, antisense oligonucleotides, small-molecule inhibitors, and monoclonal antibodies (35) . Once developed, TGF-targeting therapeutics could have widespread applications when repurposed across organ-specific diseases, given the central role of TGF in propagating fibrosis (Table 2 ). For example, the small-molecule pirfenidone is a breakthrough drug that inhibits TGF pathways and was approved by the U.S. Food and Drug Administration (FDA) in 2014 to treat idiopathic lung fibrosis (36) . Pirfenidone is being explored in clinical trials for kidney fibrosis (NCT02408744) and systemic sclerosis (NCT03068234). GC1008 is a monoclonal antibody against TGF that is also being actively pursued in clinical trials for its antifibrotic effects in cancer (NCT01401062 and NCT02581787) and completed phase 1 trials for kidney sclerosis (NCT00464321) and systemic sclerosis (NCT01284322) (37) .
Other growth factors, such as platelet-derived growth factor (PDGF) and vascular endothelial growth factor (VEGF), also contribute to fibrotic development and are potential therapeutic targets (38, 39) . Nintedanib, a small-molecule tyrosine kinase inhibitor of VEGF, fibroblast growth factor (FGF), and PDGF receptors, is approved for use in idiopathic lung fibrosis and may hold therapeutic potential for other pathologies, as evidenced by 119 registered clinical trials (clinicaltrials.gov) (40) .
A challenge with therapeutically targeting growth factor-mediated ECM synthesis is that the ECM imparts tissue integrity, and regulating ECM turnover is one of many downstream growth factor signaling outcomes. Despite its identification as the key regulator of fibrosis, the pleiotropic effects of TGF impose challenges to its therapeutic targeting. During cancer, TGF can have both pro-and antitumorigenic effects, and TGF is important for inflammatory regulation (35) . Paradoxical roles for growth factors underscore the difficulty of targeting them therapeutically and highlight a necessary role for spatial and temporal control in drug administration.
Short, single-stranded DNA or RNA oligonucleotides called aptamers may represent the future for targeted therapeutics, including growth factor inhibition (41) . Although conceptually similar to antibody approaches, aptamers are synthetic oligonucleotides with three-dimensional structure that are produced without animal intermediates and can be designed to engage in distinct, location-specific protein interactions with tailored pharmacokinetics (41) . With continued contributions from next-generation sequencing and bioinformatics, improved selection methods, and low costs, it is anticipated that aptamers can fill a critical therapeutic niche (41) . Currently, pegaptanib (Pfizer), which targets VEGF-165 to inhibit angiogenesis related to macular degeneration, is the only aptamer on the market; nevertheless, it demonstrates the successful translation of aptamer technology to the clinic for effective, isoform-specific, growth factor targeting (42) .
Advanced glycation end products
In concert with increased ECM deposition, increased cross-linking also contributes to tissue stiffening. Collagen and elastin have low turnover rates, and covalent cross-links by advanced glycation end products (AGEs) that occur from a reaction between reducing sugars and matrix proteins accumulate with aging (10). Hyperglycemic (145, 146) diabetic individuals have increased susceptibility to glycation and therefore experience accelerated tissue cross-linking (3). Dysregulated enzymatic cross-linking of matrix components also contributes to stiffening. Lysyl oxidase (LOX) and tissue transglutaminase (TG2) are implicated in these processes during cancer, fibrotic progression, and age-related arterial stiffening (43, 44) . Breaking or preventing ECM cross-links is an attractive therapeutic approach to stall, reverse, or prevent pathologies that are partially driven by increased matrix stiffness, and appears promising from reports that hepatic stellate cells respond to both the mechanical stiffening and softening of their ECM in situ (45) . Despite initial indications of clinical potential, there are no glycationrelated therapeutics on the market. The pioneering AGE breaker, alagebrium, and the AGE inhibitor, aminoguanidine, had contradictory clinical trial results, and toxicity risks ultimately prohibited further consideration of their therapeutic use (46) . Other therapeutics to break or inhibit glycation cross-links have been investigated and are reviewed extensively elsewhere; however, despite a diverse range of candidate compounds, limited clinical success targeting AGEs has been achieved (46) . Repeatedly, in vitro results are not replicated in vivo. Progress is hindered by poorly defined mechanisms of target compounds, and the widespread use of bovine serum albumin (BSA) as a model protein does not capture the diversity of glycation cross-links found in vivo. Synthetic AGE-BSA compounds produced in vitro behave differently than native AGEs (47). Toxicity and low efficacy are common outcomes of clinical trials, indicating the need for AGE therapeutics with increased specificity.
In addition to growth factor targeting, preliminary studies suggest that aptamers are also effective at ameliorating the deleterious effects of AGEs (48) . Aptamer therapy prevented increases in serum AGEs in a diabetic rat model (48) . Long-term administration was well tolerated, suggesting that aptamer translation to clinical use may not be hindered by the same toxicological limitations of small-molecule AGE inhibitors and breakers. In light of the challenges to develop drugs against glycation, diet adjustments that reduce circulating AGEs, and evidence that exercise reduces AGE cross-linking in tissues, should also be emphasized for their therapeutic potential and ease of implementation (49, 50) .
Lysyl oxidase
LOX and TG2 are cell-produced proteins; therefore, enzymatic crosslinking can be targeted at the transcriptional, posttranslational, and catalytic levels. The paradoxical outcomes of LOX activity, and the specific contexts in which it is pro-or antipathogenic, are ongoing areas or research (51) . LOX is increasingly considered as a therapeutic target because of its dual role in the formation of the tumor stroma and the premetastatic niche, in addition to its deleterious activity during fibrosis and atherosclerosis. The effectiveness of inhibiting LOX cross-linking to reduce ECM stiffness and improve pathological outcomes has been well established using the competitive inhibitor -aminopropionitrile (BAPN). In the apolipoprotein E (ApoE) knockout mouse model of atherosclerosis, BAPN inhibition of LOX decreased aortic stiffness and atherosclerotic plaque burden (52) . BAPN treatment attenuated stiffness and reduced malformed microvasculature in murine tumors (53) . In a murine model of fibrosis, BAPN inhibited liver fibrosis and promoted its reversal (54) . Although BAPN is a valuable research tool and validates LOX as a clinical target to prevent pathological progression caused by matrix cross-linking, high toxicity during clinical trials precludes its clinical use (55).
Monoclonal antibody inhibition of LOX-like 2 (LOXL2) was pursued by Gilead Sciences with GS-6624, but the culmination of phase 2 clinical trials during late 2016 revealed no benefit for cancer and fibrotic disease patients (NCT01472198; NCT01769196; NCT017595110) (56) (57) (58) . A sizeable challenge in the race to create effective LOX inhibitors is that the complete crystal structure, which is typically used to guide smallmolecule development pipelines, remains unknown for mammalian LOX (59) . Therefore, alternative approaches that include inhibiting the LOX transcription factor or preventing posttranslational cleavage of the precursor peptide by BMP-1 have been proposed (59) . Treatment with the nonspecific copper chelator tetrathiomolybdate, which depletes the LOX catalytic site of copper, resulted in lowered serum LOXL2 concentrations during phase 2 clinical trials in individuals with moderate-to high-risk primary stage breast cancer (NCT00195091) (60) . Corresponding murine models demonstrated that copper depletion contributed to antipathogenic ECM remodeling by decreasing LOX, collagen deposition, and collagen fiber length in premetastatic lungs (60) . Tetrathiomolybdate has also been pursued in biliary cirrhosis (NCT00805805) and non-small cell lung cancer (NCT01837329). Tetrathiomolybdate treatment is favorable because of its simple oral administration route, excellent tolerability, and greater LOX inhibition when compared to BAPN (60) .
Tissue transglutaminase
Pharmacological inhibition of TG2 is in preclinical stages with classical small-molecule competitive, reversible, and irreversible inhibitors (61) . A TG2 inhibitor was investigated in Canadian clinical trials where poor efficacy was demonstrated, and an irreversible TG2 inhibitor is in phase 1b clinical trials in Europe, but limited information is available about these efforts (61, 62) . TG2 is found in almost all tissues: It is a cytosolic protein with catalytic, G protein, kinase, cell survival, and transcription-regulating roles (44) . The ubiquitous nature of TG2 and its multifaceted impact on cell behaviors beyond ECM cross-linking make it a difficult therapeutic target. The challenge of developing effective small-molecule inhibitors is exacerbated by evidence that TG2 exists in multiple conformational states and has several structural domains (44) . Therefore, less conventional methods that abolish TG2 activity by limiting its expression are also being pursued. Upstream inhibitors of the extracellular signal-regulated kinase (ERK) pathway that down-regulate TG2 expression and small interfering RNA (siRNA) have successfully demonstrated preclinical potential as antifibrotic therapies (63, 64) . TG2 siRNA coupled with liposome delivery yielded effective organ-specific targeting to the liver and lungs in mice (64) .
Matrix metalloproteinases
ECM homeostasis is an intricate balance of matrix synthesis, modification, and degradation. In vitro models of matrix softening demonstrated a reversion of the myofibroblast phenotype and -SMA expression in activated hepatic stellate cells (45) . Paradoxically, dysregulated proteolytic activity also contributes to the progression of stiffness-mediated pathologies. Microarray analysis of fibrotic lung biopsies from patients demonstrated that up-regulated expression of matrix proteins occurred in concert with altered degradome expression that included MMP up-regulation (65) . Cancer, fibrosis, and cardiovascular disease are all associated with dysregulated MMP activity (66) .
Although MMPs are most recognized for their proteolytic activity that directly degrades the ECM, matrix components account for only 20% of MMP substrates, and their ability to cleave and activate growth factors, chemokines, cytokines, and receptors is associated with conflicting cell processes that promote and inhibit stiffness-mediated pathologies (67) . For example, MMPs can release matrix-bound latent TGF, but their expression can also have antifibrotic effects that promote apoptosis, and MMPs have a critical role in fibrotic resolution (68) (69) (70) . Evidence indicates that MMP activity is mediated by substrate stiffness, suggesting that MMPs can have an evolving role during disease progression (71) . MMPs were heavily pursued in clinical trials to overcome cancer metastasis but failed in patients. Therefore, because of the varied, context-specific effects of MMPs and the precedence of major clinical shortcomings, strategies that rely on altering MMP activity to overcome ECM stiffness have to be pursued with caution (72) . Therapeutics with high specificity are necessary but are challenging to develop because of similarities between catalytic sites and functional redundancy among the 24 mammalian MMP family members (72) . The success of MMP therapeutic strategies will also rely on correctly identifying the appropriate pathological stage during which to administer the drugs to avoid amplifying MMP disease-promoting effects.
A disintegrin and metalloproteinase/a disintegrin and metalloproteinase with thrombospondin motifs Although less well studied than MMPs, microarray analysis from fibrotic and cancerous tissues identified altered gene expression profiles of other ECM proteases (65, 73) . Subsequent mechanistic studies are elucidating critical roles for both direct and indirect ECM remodeling by the closely related a disintegrin and metalloproteinase (ADAM) and ADAMs with thrombospondin motifs (ADAMTS) protease family members (74) . One notable example is ADAMTS1, which has been identified as an activator of TGF. Up-regulated ADAMTS1 expression increased collagen I production, and administration of a competitive ADAMTS1 peptide prevented fibrotic liver damage in mice (75) . In pancreatic cancer, pleiotropic effects of ADAMTS1 include degrading veriscan to create a protumorigenic microenvironment, cleaving epithelial-like growth factors to promote metastasis, and recruiting CAFs (76) . Similar to MMPs, ADAMs and ADAMTSs can be both tumor promoters and inhibitors, underscoring the importance of controlled proteolytic activity to homeostasis (74) . The utility of targeting ADAMs and ADAMTSs in the context of ECM remodeling will depend on future studies that identify isoform functions that are ECM-specific. Feasibility and safety of generating inhibitors against these protease families can be gleaned from early clinical trial pursuits with INCB7839, an inhibitor of ADAM10 and ADAM17, to treat breast cancer and diffuse large B cell non-Hodgkin lymphoma (NCT00820560, NCT00864175, NCT01254136, and NCT02141451) (77) .
The contribution of the ECM in promoting cancer malignancy, atherogenesis, and fibrosis is becoming increasingly appreciated, but many questions remain unanswered. Data now indicate that stiffening precedes fibrosis and hypertension, that proliferation and migration increase with increased matrix stiffness, and that epithelial-mesenchymal transition and TGF stimulation are matrix stiffness-dependent (78) (79) (80) (81) . In addition, similar gene expression profiles observed between cells originating from dense breast tissue and the tumor stroma suggest that mechanically mediated epigenetic regulation may initiate disease (82) . If matrix stiffness is a driving factor that causes an even stiffer ECM, then what are the initial mechanisms contributing to prepathological increases in matrix rigidity? As these pathways are unveiled, it is anticipated that new therapeutic targets will also be identified to interrupt matrix stiffening at earlier stages of disease development. Advances in mitigating matrix stiffness directly will likely draw on clinical successes from other settings where matrix turnover is critical, such as scar and wound healing (62) .
INTERRUPTING CELLULAR RESPONSES TO INCREASED ECM STIFFNESS

Integrins
Instead of preventing ECM stiffening, which occurs with advanced age and can precede disease, an alternative approach to overcome the adverse effects of microenvironment stiffening is to inhibit the cellular response to increased matrix mechanics that contributes to pathogenesis. The ECM activates integrin-mediated signaling pathways to elicit cellular outcomes; therefore, aberrant mechanotransduction can be disrupted at the cell-ECM level and at downstream signaling targets.
Integrin targeting is a logical first choice to interrupt ECM mechanosensing, because these transmembrane adhesion proteins are conduits of bidirectional signaling, directly connecting extracellular inputs to intracellular outputs. Integrins have been attributed to cancer malignancy, metastasis, and drug resistance, as evidenced by 30 registered clinical trials that include the integrin inhibitor cilengitide (clinicaltrials.gov) (83) . In addition, local proteolytic activity of MMP-9 disrupts  v  3 integrin engagement, resulting in activated stellate cell apoptosis, suggesting an intersection between matrix softening, integrin engagement, and fibrotic resolution (70) . Studies in fibroblasts indicate that integrin expression alone does not drive the cellular response to increased substrate mechanics (12) . Selecting which integrins to antagonize to ameliorate matrix stiffness sensing is not straightforward, and the regulation of diverse cellular events that result from integrin binding is an active area of investigation. The  integrin subunit recruits focal adhesion kinase (FAK) to initiate downstream signaling cascades that include Rho, Src, and ERK and therefore is a potential target to mediate matrix stiffness responses (84) . In fibroblasts cultured on fibronectin-coated substrates, rigidity sensing through  5  1 -stimulated Rho-mediated contractility and  v integrins activated the GEF-H1 Rho pathway, suggesting other potential targets (85) .
The current understanding of force sensing across focal adhesions is centered around a shared sequence of events among autonomous adhesions that begins when integrin dimers bind their ECM ligands (86) . Extracellular integrin deformation from cytoskeletal forces is dependent on substrate compliance, which then drives the intracellular recruitment of scaffolding proteins, actin-binding reinforcement, and the activation of downstream effectors (86) . A stiffened ECM is well established to increase Rho-mediated cellular contractile forces that are necessary for protein conformational changes contributing to focal adhesion maturation, and cell-ECM adhesions are stronger on rigid matrices (86) . However, the individual contributions of specific integrin dimer pairs to stiffness sensing and mechanotransduction in a multicomponent ECM have not been fully delineated. Fibronectin and collagen are often used interchangeably as ECM proteins during in vitro experiments studying cellular forces despite groundwork that ECM ligand biochemistry, and thus integrin engagement, influences cellular mechanoresponses (87) .
Among integrins, the  v family has been identified as a possible therapeutic target for fibrotic pathologies, not for their mechanosensitive signaling but rather for facilitating ECM deposition. Engagement of the arginine-glycine-aspartic acid sequence on the latency-associated peptide of TGF1 by integrins coupled with traction forces releases TGF1 from a latency complex (17, 88) . A phase 2 clinical trial tested BG00011/STX-100, a humanized monoclonal antibody against  v  6 , for idiopathic lung fibrosis (NCT01371305) (89); however, to date, Biogen has not publicly published the results of the trial. Whether  v integrin inhibitors in development for other applications, such as cilengitide for glioblastoma, also have efficacy against TGF1 remains to be established (90) . Integrin inhibition is championed when compared to other strategies that target TGF1 because it targets a population of TGF1 that becomes active as an outcome of pathological stiffening and circumvents the inflammatory reactions that plague systemic TGF inhibition (91).
Rho GTPase
As a critical regulator of cytoskeletal dynamics and cellular force through the formation of actin stress fibers, dysregulated Rho signaling has been causally attributed to pathological cell contractility, motility, gene expression, cell cycle progression, and survival (92, 93) . Elevated Rho guanosine triphosphatase (GTPase) signaling and contractile traction forces activated by integrin engagement with the ECM is one of the most widely documented downstream consequences of increased ECM stiffness (Fig. 2) (94) . However, Rho is considered "un-druggable" from the standpoint of traditional small-molecule inhibitors because of its three-dimensional structure. Classical small-molecule drugs, designed to bind large hydrophobic pockets on target proteins to form stable inhibitorprotein complexes, cannot bind to Rho because it lacks these hydrophobic clefts (95) . As an intracellular protein, Rho is also inaccessible to protein biologics, which are too large to cross the plasma membrane (95) . Bacterial toxins that interfere with Rho activity through irreversible modification may hold clinical potential if tight control of their potency and localization can be achieved. The only known bacterial secreted Rho-specific inhibitors are clostridial C3 enzymes, but they are limited by poor cellular uptake in cell types other than macrophages and monocytes (96) . Given these limitations, the Rho pathway has been targeted upstream or downstream of the mature GTPase to inhibit Rho localization, prevent Rho activation by guanine nucleotide exchange factors (GEFs), and target downstream effectors.
Rho localization is important to its activation and is regulated by posttranslational modification (97) . Rho is targeted to the plasma membrane where it maintains close proximity to GEFs that catalyze the exchange of guanosine diphosphate (GDP) for GTP, which activates Rho in a rapid, switch-like manner (97) . Statins are widely prescribed to lower serum cholesterol by competitive inhibition of the enzyme HMG-CoA reductase during cholesterol synthesis and have been pursued to inhibit Rho (98) . Because statins block cholesterol synthesis, they also inhibit prenylated protein intermediates, including geranylgeranyl pyrophosphate, which interferes with Rho localization and activation (98) . Repurposing statins for clinical use beyond cholesterol lowering is a potential clinical tool to overcome the effects of matrix stiffening that occurs with age or pathology ( Table 2 ). The statin simvastatin attenuated elevated Rho activity caused by increased matrix stiffness in endothelial cells, reduced contractility, and improved endothelial barrier function (99) . In fibroblasts derived from fibrotic lungs, simvastatin attenuated the myofibroblast phenotype and reduced growth factor expression (100). Despite common deleterious roles for increased matrix stiffness and elevated Rho, the benefits of statins in cancer are less clear and even conflicting. Pharmacokinetic differences between lipophilic and hydrophilic statins, heterogeneity between patient cancers, and data extracted from clinical trials designed with cardiovascular end points, rather than as cancer studies, are cited as causes of the inconsistencies (101) . Nevertheless, because the off-target effects of statins extend beyond Rho, and noting that matrix stiffness is one of many factors that compound to drive disease progression, the success or failure of statin repurposing cannot be attributed to altered Rho activity alone.
GEF-H1
Increased ECM sti ness 
Rho GEFs
GEFs are a therapeutic target to control Rho activity because of their direct role in activating Rho signaling. GEF targeting has the potential to impart Rho-specific inhibition due to the identification of more than 80 GEFs and the diversity of cellular behaviors that result from intricate upstream signaling pathways that converge at Rho (102) . GEF inhibitors can be designed to block GEF-Rho interactions or target the GEF catalytic site, both of which terminate forward movement of the signal cascade. For example, the compound Rhosin blocks a GEF docking site on RhoA, and a class of compounds named Y16 bind to the GEF catalytic site (103, 104) . These RhoA inhibitors were effective in fibroblasts, neuronal cells, and mammary epithelial cells (103, 104) . Within the Rho family of GTPases, Rhosin only inhibits RhoA activity without interrupting the function of other Rho GTPase family members, and Y16 binds to just three RhoA GEFs (LARG, p115, and PDZ), demonstrating high specificity with GEF targeting approaches (104) . In silico methods were used to discover these two Rho GEF inhibitors and are becoming powerful tools for rational drug discovery. Because the siRNA techniques used to study GEFs in experimental settings are not applicable to clinical translation, there is a need to develop small-molecule inhibitors. However, similar to Rho, GEFs engage in protein-protein interactions and lack large structural pockets, which make them poor candidates for traditional small-molecule inhibitors. The combination of computational methods with data-driven structural knowledge is identifying novel surface sites that are energetically favorable on proteins that were previously deemed undruggable, and because of the high clinical need, it is anticipated that these methods will yield additional sites to target Rho signaling and the associated GEFs (105) . In fibroblasts, the Rho GEFs LARG and GEF-H1 have been identified as critical mediators of the cellular response to integrin force and therefore are ideal GEF targets for dampening cell-ECM mechanotransduction (106) . As the ability to target Rho signaling expands, a more complete understanding of the expression, function, regulation, and activation of individual GEFs in specific cell types will be necessary.
Rho-associated kinase
ROCK is the major downstream effector of Rho that drives cell contractility and is a mediator of fibrotic pathologies (93, 107) . ROCK phosphorylates myosin light chain and myosin light chain phosphatase to induce the generation of cellular force from actomyosin filament contraction. Recently, a stiffness-dependent role for ROCK in driving fibroblast to myofibroblast conversion in pulmonary fibrosis was identified, and ROCK inhibition attenuated increased endothelial permeability caused by age-related increased intima stiffness (107, 108) . ROCK inhibition can be pursued using traditional small-molecule discovery efforts but is also plagued by nonspecificity. The two most prominent small-molecule ROCK inhibitors, fasudil and Y27632, not only target the adenosine 5′-triphosphate (ATP)-dependent ROCK kinase domain but also show nonspecific interactions with other kinases (109) . The effectiveness of fasudil and Y27632 is hypothesized to be partially due to their off-target effects with other kinases (109) . In addition to its pathological role, ROCK helps maintain homeostatic vascular tone via vascular smooth muscle cell contraction (109) , and ROCK inhibitors such as fasudil can be designed and used with this motivation. However, drugs that are successful in vitro for different clinical applications of ROCK inhibition can also induce unwanted decreases in blood pressure when transferred to animal models or humans, creating a barrier to their clinical adaptation. Nevertheless, fasudil has been used in Japan since 1995 for the treatment of cerebral vasospasms, and ROCK inhibitors have been widely investigated to treat a variety of pathologies either alone or as a combination treatment (109) . Fasudil has an impressive record of safety and efficacy but has not been commercially marketed in the United States. The composition of matter patent on fasudil expired in early 2016, and although its commercial future is unknown, it continues to be evaluated in preclinical and clinical studies (U.S. Patent 5,942,505). A timely preclinical investigation in mice recently reported that priming with fasudil to inhibit Rho pathway-mediated ECM remodeling markedly improved the efficacy of the current standard-of-care pancreatic chemotherapies gemcitabine and Abraxane at both the primary tumor and metastatic sites (110) .
New ROCK inhibitors, such as ripasudil (a fasudil derivative), have emerged from the clinical need to lower ocular pressure in glaucoma (111) . One approach to mitigate the off-target effects of ROCK inhibitors is the development of "soft inhibitors," which are designed to degrade into inactive metabolites when not at their target site for improved patient tolerability (112) . The soft inhibitor AMA0076, which completed phase 2 clinical trials (NCT02136940 and NCT01693315), is structurally based on Y27632 but exhibits tissue-specific hydrolysis rates in the eye (112) . Pharmacological efforts distinguishing the distinct roles of the two ROCK isoforms, ROCK1 and ROCK2, are also in progress (113) . The development of small-molecule inhibitors that exhibit greater specificity toward the ROCK family kinases or its specific isoforms are using high-throughput screening and fragmentbased approaches (109) . New patents for clinical siRNA inhibition of ROCK have also been filed (109).
Focal adhesion kinase
FAK is a cytosolic nonreceptor tyrosine kinase activated by integrin clustering and is a regulator of focal adhesion dynamics and Rho activity (114) . FAK activation is upstream of the Ras-mitogen-activated protein kinase (MAPK) cascade (115) . FAK integrates ECM signals from integrins to activate downstream pathways that control adhesion, proliferation, motility, and survival (114) . In addition, focal adhesions are sites of actomyosin force transmission to the ECM; therefore, FAK is a potential upstream target to inhibit cellular responses to matrix mechanical cues. Increased matrix stiffness increases phosphorylation of FAK at Tyr 397 , which is necessary for Src binding, and complete FAK activation through additional phosphorylation (114, 116) . Dysregulated FAK-Src signaling is widely appreciated for its role in cancer invasion and metastasis, and consequently, the development of FAK inhibitors is concurrently being pursued by GlaxoSmithKline, Novartis, Merck, Takeda, and Pfizer, in addition to efforts by smaller pharmaceutical companies (117, 118) . These inhibitors primarily target the FAK catalytic site and have reached clinical trials as mono-or combination therapies (117, 118) . Stiffness-induced up-regulated FAK activation is also deleterious in noncancer pathologies. Constitutive phosphorylation of the kinase is found in fibrotic fibroblasts, and FAK signaling potentiates growth factor signaling and the myofibroblast phenotype (119) . In addition, mechanically driven FAK-ERK pathways activate the Rho GEF, GEF-H1 (106) .
As a druggable protein, FAK suffers from the same limitations as other kinases, namely, similarity in the catalytic domain that imparts nonspecific cross-reactivity of small-molecule inhibitors. Among a subset of kinases, improved selectivity has been demonstrated with allosteric inhibitors directed to a flexible Aps-Phe-Gly (DFG) amino acid trio at the N terminus of the activation loop (120) . In these kinases, the DFG portion undergoes dramatic conformational changes as it switches between active and inactive states and has been identified as a domain that imparts selectivity when targeted in the inactive state (120) . Inhibitors stabilizing a unique -helical conformation of the FAK DFG domain have exhibited robust selectivity and efficacy when tested in mice (121) . Other recent efforts to target FAK signaling are designed to inhibit scaffolding interactions with downstream effectors (117) . These approaches are advantageous, because they target specific lineages of FAK signaling (117) . Another current approach to targeted FAK inhibition prevents autophosphorylation at Tyr 397 , which is particularly relevant to attenuating aberrant FAK activation caused by increased ECM stiffness (122) . For detailed discussions on FAK pharmacological development, the reader is directed to reviews by Golubovskaya (117) and Lee et al. (118) .
Yes-associated protein/transcriptional coactivator with PDZ-binding motif
The cellular response to increased ECM stiffness also occurs at the transcriptional level. The downstream effectors of the Hippo pathway, yes-associated protein (YAP) and transcriptional coactivator with PDZ-binding motif (TAZ), known for mediating transcriptional regulation of apoptosis and proliferation, are also activated by increased matrix rigidity independent of the canonical Hippo cascade (123) . YAP/TAZ activation by matrix stiffness contributes to fibroblast phenotypic conversion, increased collagen deposition, and cell proliferation by augmenting feed-forward cycles that enhance microenvironment stiffening (124) . YAP/TAZ also potentiates TGF signaling (124) . Actomyosin contractility is necessary for stiffness-induced YAP activation, and inhibiting intercellular tension by abrogating Rho activation attenuates YAP/TAZ nuclear localization (123) . The ongoing efforts to develop therapeutic Rho antagonists represent an indirect mechanism to inhibit stiffness-mediated YAP/TAZ activation. Already, statins have been identified as strong inhibitors of YAP/TAZ nuclear localization due to the crossover between the synthesis of cholesterol intermediates and the synthesis of geranylgeranyl pyrophosphate for Rho posttranslational modification (125) . Direct inhibition of YAP/ TAZ has been pursued using small-molecule inhibitors that prevent YAP/TAZ from associating with their target TEA/ATTS domain (TEAD) transcription factors in the nucleus (126) . The Novartis photosensitizer Visudyne prevented YAP from interacting with TEAD during treatment for macular degeneration, and Visudyne attenuated YAPmediated oncogenic liver overgrowth in transgenic mouse models (126) . A peptide designed to mimic the native inhibition of YAP-TEAD association by vestigial-like family member 4 (VGLL4) inhibited YAP (127) . As our understanding of the cross-talk between the Hippo and mechanotransduction pathways and regulation of YAP/TAZ in both normal and pathological settings increases, new therapeutic approaches to target YAP/TAZ will likely emerge. YAP inhibition in hepatic stellate cells impeded the activated cell phenotype in vitro and prevented liver fibrosis in mice, indicating that transcriptional regulation may be a method to inhibit tissue stiffening (128) . Screens of available drugs have yielded candidates that can be repurposed to inhibit YAP/TAZ, suggesting an accelerated track for druggable efforts.
Myocardin-related transcription factor-A
Myocardin-related transcription factor-A (MRTF-A) is another transcriptional coactivator with ECM remodeling implications that undergoes nuclear localization with increasing matrix stiffness (129) . MRTF-A induces fibrogenesis downstream of cellular force generation by Rho activation and actin polymerization (129) . In addition to activation by cellular tension, TGF intersects with MRTF-A activation and also induces its nuclear translocation, further linking matrix stiffness and TGF in a self-propagating cycle (130) . The compound CCG-1423 inhibited transcription along the Rho/MRTF/serum response factor (SRF) pathway, downstream of Rho activation, by binding to the MRTF-A nuclear localization sequence (131) . Although CCG-1423 suffered from high toxicity, structural insights into the rational design of Rho-mediated transcription inhibitors informed the development of new compounds with improved cytocompatibility. Attenuated collagen-I and -SMA expression induced by TGF was achieved in myofibroblasts treated with the second-generation MRTF-A inhibitors, CCG-100602 and CCG-20397, validating stiffness-mediated Rho transcription as a therapeutic target (129) .
Nuclear factor B Rho-generated contractile forces initiated by ECM rigidity cues have been identified as regulators of the transcription factor nuclear factor B (NF-B) (132) . NF-B is a key regulator of inflammation, consistent with the observation that aberrant connective tissue growth in the tumor stroma and fibrosis reflect a dysregulated wound healing process (13, 133) . In cell culture experiments, Rho-dependent nuclear localization of NF-B was shown to increase with substrate stiffness and resulted in the expression of the inflammatory markers interleukin-1 (IL-1), IL-8, and MMP9 (132) . Nuclear translation of NF-B scaled with ECM stiffness in both nonmetastatic and metastatic breast cancer cells stimulated with tumor necrosis factor- (TNF-) (134) . Because cell shape, cytoskeletal tension, and cell-cell adhesions regulate NF-B, Rho can also negatively regulate NF-B independent of stiffness in the presence of other cues and TNF- stimulation (134) . Both NF-B and YAP/TAZ activation share dependencies on cell shape and ECM stiffness; however, nuclear localization of NF-B is transient and rapid, occurring within hours, whereas measurable YAP/TAZ translocation requires days. These data suggest unique sensitivities of transcription factors regulated by ECM-mediated, Rho-generated actomyosin forces (132, 135) .
Therapeutic targeting of NF-B for cancer is also applicable to fibrosis (for example, NF-B contributes to hepatic injury progression to cirrhosis) (136) . However, NF-B inhibition is limited by side effects resulting from systemic disruption of the innate immune response and overproduction of the inflammatory cytokine IL-1 (137) . FDAapproved therapeutics that inhibit NF-B activity include bortezomib, carfilzomib, and ixazomib, with registered clinical trials to study their efficacy in cancers (138, 139) . Initial clinical trials of bortezomib outside of hematological cancers had disappointing results, but there are currently 848 registered clinical trials for bortezomib, 144 registered for carfilzomib, and 90 for ixazomib, demonstrating the strong clinical interest in NF-B inhibitors, with others in preclinical development (clinicaltrials.gov) (140) .
Mitogen-activated protein kinase
Force-dependent integrin activation can initiate MAPK cascades to affect cell survival, gene transcription, and myofibroblast differentiation (141, 142) . Stiffness-mediated activation of MAPK signaling through ERK is FAK-dependent, consistent with an established role for FAK as an intermediate in integrin-mediated mechanotransduction (106, 115) . TGF induces CTGF expression through Ras-ERK signaling, and emerging data from mesenchymal stem cell differentiation suggest that CTGF expression is, in part, dependent on ECM stiffness (143, 144) . Matrix stiffness and Rho activation have already been reported to intersect with MAPK pathway activation. In mammary epithelial cells, sustained activation of Rho induced by elevated ECM stiffness activated Ras-ERK signaling to promote increased cell proliferation and invasiveness, both of which are signatures of cancer malignancy (115) . Because of the high occurrence of aberrant MAPK signaling in cancer, inhibitors of MAPK pathway intermediates Ras, Raf, MEK (MAPK kinase), and ERK have been pursued; however, intrinsic and acquired drug resistance have emerged as major limitations of these therapies (145) . Aberrant signal initiation from receptor tyrosine kinases (RTKs) on the cell surface is one cause of poor long-term success of MAPK pathway inhibitors (145) . Matrixmediated MAPK signaling is initiated through integrins rather than RTKs; therefore, it is possible that sustained therapeutic inhibition could be achieved in the specific context of attenuating ECM stiffness effects (115) . Combination therapies and new inhibitors are being pursued to circumvent acquired inhibitor resistance and complement the approved MAPK cascade inhibitors: vemurafenib (B-Raf inhibitor), dabrafenib (B-Raf inhibitor), cobimetinib (MEK inhibitor), and trametinib (MEK inhibitor) (145, 146) .
Alternative splicing
Variations in gene expression by alternative splicing were recently found to be regulated by ECM mechanics. Bordeleau et al. (147) reported that expression of the extra domain B-fibronectin (EDB-FN) splice variant, commonly found in tumors and proposed to contribute to tumorigenesis, is regulated by increased matrix stiffness in vitro and in murine models. The splicing event depends on Rho-mediated cell contractility. Alternative splicing of protein kinase C (PKC) BII and VEGF 165b were also identified as matrix stiffness-dependent. The phosphorylation of serine-arginine-rich (SR) proteins that mediate splicing increased with matrix stiffness via phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT) signaling. These data suggest that other splice variant proteins that aberrantly appear in the ECM milieu of stiffened tissues, such as EDA-FN that induces myofibroblast differentiation (22, 142) , may also be mediated by matrix mechanics through a similar pathway. TGF is often up-regulated in pathologically stiff microenvironments and contributes to splicing events, suggesting that alternative splicing may involve synergistic contributions between mechanical cues and ECM components (148) . SR proteins or the PI3K/AKT pathways are potential therapeutic targets to control stiffness-mediated splicing events, in addition to current approaches using oligonucleotides and small molecules (149) .
Nuclear mechanics
The cell nucleus is mechanically coupled to the actin cytoskeleton by an assembly of proteins that comprise the linker of nucleoskeleton and cytoskeleton (LINC) complex and by extension to integrins and the ECM (150) . Externally applied force, as well as cell-generated intercellular tension, is propagated to the nucleus, which itself is a mechanotransducer (150) . Force propagation across the cytoskeleton occurs orders of magnitude faster than biochemical signaling, and the nucleus is involved in the integration of and response to these mechanical inputs (150) . Because cellular DNA is stored in the nucleus, transmitted forces that induce changes in protein conformation, alter protein associations, or deform chromatin may have transcriptional implications (151) .
Lamins are nuclear intermediate filaments that create a structured protein network associated with the interior nuclear membrane and are implicated in both nuclear mechanotransduction and matrix stiffening responses (151) . Lamin-A content in murine tissues increased with matrix stiffness, and nuclear envelope stability and stiffness correlate with increased lamin-A content (152) . In addition to transducing force, lamins are scaffolding proteins that interact with transcription factors and bind chromatin (151) . Lamin-dependent regulation of the MRTF-A/SRF and YAP/TAZ pathways may explain the excessive ECM production in many laminopathies and demonstrate another mechanism by which ECM protein transcription is regulated by matrix stiffness (153) . Therapeutic targets for nuclear mechanotransduction are likely to be discovered in parallel with the development of improved technologies to study subcellular processes. However, the complexity and delicacy of the nucleus, coupled with our current understanding of mechanotransduction, suggest that the best therapeutic options to intervene lie within already discussed mechanotransduction sensing components. Force transmission to the nucleus requires cells under prestress, which can be modulated by Rho contractility (150) . In addition, MRTF-A and YAP/TAZ pathways can be targeted independent of lamin regulation as already described.
CONCLUSION AND FUTURE OUTLOOK
Two key players emerge from the discussion of potential therapeutic targets to overcome pathological ECM stiffening: TGF and Rho. Their pleiotropic effects converge as they function in concert to promote feed-forward cycles that amplify ECM production and stiffening. However, they also represent elusive therapeutic targets because of their ubiquitous expression and key functions in tissue homeostasis. A common underlying theme is a need for high potency and specificity among druggable efforts. Off-target interactions are a major hurdle for developing kinase inhibitors, and high toxicities have been crippling to the development of small molecules to prevent or disrupt matrix cross-linking. Moreover, these interventions need to be localized to the organs of interest to further minimize deleterious side effects. Improved specificity is anticipated with the development of aptamer technologies and new approaches to small-molecule drug development that use multifaceted approaches combining thermodynamics, structural biology, and mathematical computation (41, 105) . The identification of inhibitor sites on previously undruggable proteins, including Rho, should vastly expand the available therapeutic library.
With the recognition of ECM stiffness as a contributing factor to multiple pathologies, the development of clinical technologies to noninvasively measure local tissue mechanics is necessary to achieve earlier diagnoses and better patient outcomes. From an academic perspective, these modalities will contribute to increased understanding of pathological stiffening in its earliest stages at a resolution beyond the current clinical limit and will drive research efforts to identify novel clinical targets-perhaps even preventing full disease manifestation. Building off the strong foundation of the mechanotransduction field and the importance of microenvironment stiffness established over the past two decades, we can now work toward mitigating the effects of increased ECM stiffness in the emerging field of mechanomedicine. As has already been discovered for other pathologies, the most successful mechano-based therapeutic interventions for tissue stiffening will likely include combination therapies to reach more than one target and overcome cellular redundancies.
